Rb-de®cient embryos (Rb
) show abnormal degeneration of neurons and die at mid-gestation, suggesting that RB may protect against apoptosis. Having previously shown that cyclin D1 accumulates during K + -induced apoptosis of granule neurons, we chose to investigate the role of RB under these conditions. We show that RB is cleaved in its C-terminus during the onset of neuronal apoptosis. Caspase 3-like activity increases following K + deprivation and the time course correlates with RB cleavage and apoptosis. Although the use of a speci®c caspase 3-like inhibitor (z-DEBD.fmk) delays RB cleavage and reduces DNA fragmentation, data implicate other caspases in these processes. However, K + deprivation induces a gradual production of the active p20 subunit of caspase 3 (CPP32) that coincides with RB disappearance at the cellular level. Nuclear detection of a transfected HA-tagged caspase cleavage-resistant RB mutant (DEAG/D to DEAA/D) revealed a signi®cant decrease in apoptosis of neurons expressing the RB mutant (less than 5%) relative to the wild type form ofIntroduction Apoptosis or programmed cell death (PCD) is a major physiological phenomenon that occurs massively during development and participates in the maintenance of homeostasis in the adult. During development of the central nervous system (CNS), PCD along with proliferation and dierentiation, ensures the proper formation of the neuronal network, almost half of the neurons produced during embryogenesis dying before reaching adulthood (Oppenheim, 1991) . Apoptosis can be mimicked in primary cerebellar granule neurons (CGN) cultured in vitro, by switching external K + from high (HK: [KCl] =30 mM) to low (LK: [KCl] =5 mM) concentrations (D'Mello et al., 1993; Kienlen-Campard et al., 1997; Schulz et al., 1996) . We have recently shown in this model, that the cell cycle regulator cyclin D1 (CD1) accumulates following K + deprivation , in agreement with the hypothesis that neuronal apoptosis could result from an abortive attempt to reinitiate the cell cycle (Heintz, 1993) . A direct cellular target of CD1 is the retinoblastoma protein (RB) that governs the restriction point of the G1/S phase of the cell cycle. Interestingly, RB-dependent transcriptional activity is down-regulated by Ca 2+ entry and subsequent Ca 2+ /Calmodulin Kinases activation (Sohm et al., 1999) , a pathway that is thought to allow survival of CGN cultures in HK conditions Gallo et al., 1987) . Moreover, RB probably has neuroprotective functions as pRB knockout mice die at mid-gestation, presenting massive cell death in the central and peripheral nervous systems (Clarke et al., 1992; Jacks et al., 1992; Lee et al., 1992) and loss of RB family members is often associated with apoptosis (Haas et al., 1995; Helin et al., 1997; Slack and Miller, 1996) .
During apoptosis, RB can be cleaved proteolytically by the caspase family of proteases, either in its Cterminal caspase consensus cleavage site (DEADG), generating a 42 aa truncated RB protein (Janicke et al., 1996; Tan et al., 1997) or in an internal cleavage site, producing two fragments (p68 and p48) (An and Dou, 1996) . The C-terminus cleavage occurs during TNF or anti-CD95 induced apoptosis of dierent cell lines (Janicke et al., 1996; Tan et al., 1997) . However, even though a non-degradable RB mutant could protect from TNF-induced apoptosis, it did not attenuate death induced by anti-CD95. This suggests that RB cleavage by caspases is cell-speci®c, being an important event only in certain types of apoptosis (Dou and An, 1998; Tan et al., 1997; Tan and Wang, 1998) .
More than 10 interleukin-1b-converting enzyme (ICE)-like proteases or caspases have been identi®ed (Alnemri et al., 1996) , which speci®cally cleave after aspartic acid residues. Caspases are clearly involved in the execution of the death program in many cell types (Henkart, 1996; Kidd, 1998; Yuan, 1995; Yuan et al., 1993) , and are activated in neurodegenerative diseases (for review, Friedlander and Yuan, 1998) . Deletion of the CPP32 (caspase 3) gene in mice results in defects in the brain, primarily aecting neuronal cells which are supernumerary and disorganized, thus leading to premature embryonic lethality (Kuida et al., 1996) . We used the model of K + deprivation of cerebellar neurons to analyse RB function in the apoptosis signaling pathway of primary central neurons. We found that RB is cleaved in its C-terminus during the onset of apoptosis, by a caspase 3-like dependent mechanism. Overexpression of a cleavage-resistant RB mutant prevents nuclei fragmentation, suggesting that cleavage of RB is an obligatory step for neurons to enter apoptosis.
Results
The RB C-terminus is cleaved during the onset of neuronal apoptosis by a caspase sensitive mechanism
We investigated the role of the RB protein, ®rst by carrying out Western blot analysis on 6-day-old CGN cultures, potassium-deprived for dierent periods of time. Using an antibody directed to RB C-terminus (C-15; amino acids 914 ± 928), we found that RB rapidly disappears as a function of LK treatment, a signi®cant reduction being observed between 4 and 8 h ( Figure  1a ). This disappearance of RB correlates with an increase in nuclear condensation/fragmentation in neurons, an event representative of apoptosis in response to LK treatment ( Table 1) . Degradation of RB is speci®c, since no signi®cant changes in the amount of b-actin were detected after K + deprivation (Figure 1c) . Interestingly, in other models of apoptosis such as TNF-treated HeLa D98 cells or anti-CD95 treated Jurkat/T cells, RB is cleaved by a caspase at its C-terminus 883-DEAD/G-887 site (Janicke et al., 1996; Tan et al., 1997) . This cleavage generates a 4.2 KDa fragment and a faster migrating cleaved form of RB (DRB, p100; Tan et al., 1997) . In order to visualize whether DRB is produced in our model, we next performed Western blots with the G3-245 antibody that recognizes an internal portion of RB (amino acids 332 ± 344; Ludlow et al., 1989) . As seen in Figure 1b , the total amount of RB protein is also reduced following K + deprivation. A faint band can be seen at 4, 8 and 10 h with the G3-245, that is likely to be DRB, more perceptible on a longer exposure of an 8 h LK treatment (Figure 1b, inset) . However, it was never prominent and could not be formally characterized as being DRB (Figure 1b ). An interior cleavage of RB has been described by Fattman et al. (1997) , that gives two fragments of 48 (N-terminal) and 68 KDa (C-terminal). It seems unlikely that this occurs in our conditions, as neither the 48 KDa moiety was detected by Western blot with the G3-245 antibody, nor the 68 KDa C-terminus fragment with the C-15 antibody (data not shown). Taken together, these results suggest that RB is cleaved on its C-terminus during CGN apoptosis.
To understand whether RB cleavage observed in our model is caspase dependent or not, we used caspase inhibitors. Figure 1d shows that the general caspase inhibitor z-VAD.fmk protects RB C-terminus degradation for up to 15 h. A caspase 3-like inhibitor (z-DEVD.fmk) eciently delays RB degradation for up to 9 h. These results also correlate with the protective potency of the two inhibitors against K + -induced apoptosis (Table 1) : z-VAD.fmk better protects CGN apoptosis than z-DEVD.fmk, which only reverses the percentage of apoptotic nuclei by less than 50% until 8 h. With a longer period of LK treatment, neuroprotection by z-DEVD.fmk further decreases (Table 1) .
These data suggest that caspase-dependent degradation of RB on its C-terminus may participate in neuronal apoptosis.
Involvement of activated p20 subunit of CPP32 in K + -induced CGN apoptosis
Degradation of RB is reversed by inhibitors of the DEVD-and YVAD-types (Dou and An, 1998; Janicke et al., 1996; Tan et al., 1997) , suggesting that two Lynch et al., 1997; Marks et al., 1998) . Cleavage of this substrate started at 3 ± 4 h of K + deprivation, with a maximum of 10-fold at 10 h. The best characterized DEVD substrate preferring caspase is CPP32, whose proteolytic cleavage by upstream caspases generates an active p20 subunit (Armstrong et al., 1997; Nicholson et al., 1995) . Figure 3a shows that p20 is absent in neuroprotective concentrations of K + (HK), and gradually increases following K + deprivation. As expected, the induction of p20 by LK treatment (8 h, Figure 3b , lane 2) is not reversed by a z-DEVD.fmk inhibitor (lane 3), while it is by z-VAD.fmk (lane 4) which probably blocks upstream caspase (Nicholson et al., 1995) .
This set of results is consistent with the involvement of CED3 caspases (DEVD-sensitive) rather than ICElike caspases (YVAD-sensitive) in K + -induced CGN apoptosis, and points to the activation of CPP32 at the levels of its processing and activity.
Localization of RB and activated CPP32 at the cellular level
To examine the possible role of CPP32 in RB cleavage, we looked by immunocytochemistry whether the appearance of active CPP32 p20 fragment coincides with the loss of RB C-terminus. Cultures were either stained with the C-15 antibody recognizing the fulllength RB or with the anti-p20 antibody (Figure 4) . The Hoechst labeling allowed us to show three distinct nuclear morphologies:`type 1' nuclei are large (5 mm) and round, and scored as representative of healthy neurons as typically seen in high K + concentrations ( Figure 4a ,e); in`type 2' nuclei, chromatin starting to condense is rejected around the periphery of the nucleus; and`type 3' nuclei are very condensed or fragmented. In HK (Figure 4b ), the full-length RB protein localizes in nuclei and cytoplasm of all neurons. After 10 h of LK treatment (Figure 4c ), localization depends on the nuclear morphology: neurons with`type 1' nuclei display the same RB staining (Figure 4d ) as in HK (Figure 4b ). In contrast, in apoptotic neurons with`type 2' or`type 3' nuclei, the uncleaved RB protein is mainly cytoplasmic and disappears as chromatin condenses (Figure 4d ). If we compared these observations to those obtained with the active p20 subunit labeling, we can see that: (i) p20 is absent of healthy neurons harboring`type 1' nuclei ( Figure 4f , h); (ii) in neurons with`type 2' nuclei, p20 is nuclear ( Figure 4h ; and (iii) neurons with`type 3' Neurons were treated with LK medium (K + =5 mM) for 4 ± 16 h with or without z-VAD.fmk (50 mM) or z-DEVD.fmk (50 mM), then ®xed and stained with the Hoechst dye 33342. Apoptotic nuclei were scored on a morphological criteria: condensation of chromatin and nuclear fragmentation (see Figure 4) . The results of three dierent experiments are given, expressed as the mean percentage of apoptotic nuclei+s.e.m. ANOVA followed by a Student ± Newman ± Keuls multiple comparison test were performed (Graphpad Instat 2 Software). nuclei have an intense cytoplasmic p20 staining ( Figure  4h ). These observations show that CPP32 is active in the nucleus as soon as neurons start to condense, the time when RB C-terminus disappears. At the ®nal condensation step, when only a faint amount of RB remains, CPP32 is still very active. These data strongly suggest that RB cleavage co-localizes with the activation of CPP32 at the cellular level during the dierent steps of nuclei condensation.
Overexpression of a caspase-cleavage resistant mutant of RB in neurons prevents DNA fragmentation To ascertain that apoptosis activation depends on RB cleavage at its 883-DEADG-887 site, we overexpressed in neurons hemagglutinin (HA)-tagged vectors encoding a wild type (RBWT) or a non cleavable (RBD/A) form of RB (gifts from Drs R JaÈ nicke and A Porter) and compared their neuroprotective eects against K + -induced apoptosis. The second aspartic acid residue (asp 886) of the consensus`DEADG' site (RBWT) is substituted to an alanine in RBD/A. This mutant was completely resistant to cleavage in nuclear extracts of apoptotic D98 cells (Janicke et al., 1996) , whereas overproduced RBWT could still be cleaved by active caspases (Tan et al., 1997) .
A typical experiment is shown Figure 5a . Twentyfour hours following transfection, neurons were K + -deprived (LK) or not (HK) for 14 h, then ®xed and immunostained for the expression of HA to identify transfected cells by immunocytochemistry. After Hoechst labeling, all HA-positive neurons were blindly counted and scored as apoptotic or not. In LK, 39.55% of HA-positive RBWT transfected cells were apoptotic (Figure 5b ), a percentage similar to that of the HA-negative population of neurons counted in the same ®eld (Figure 5c ). In contrast, only 4.46% of nuclei from HA-positive RBD/A neurons were found apoptotic. These data show that the caspase cleavage resistant form of RB exerts potent neuroprotective eects and suggest that carboxyterminal cleavage of .`Type 1' nuclei are prominent in HK neuroprotective conditions and correspond to healthy neurons displaying a non condensed chromatin dispersed over the entire nucleus (a,e). Type 2' and`3' nuclei are scored as apoptotic: in`type 2', chromatin margination at the nuclear periphery corresponds to the early phase of chromatin condensation and`type 3' represents highly refractile and condensed nuclei that can be fragmented into two or more blebs. Compare the pattern of RB and CPP32 cellular localization in LK-treated neurons (d,h) in the dierent types of nuclei (c,g) indicated by numbered arrows (1, 2 and 3, corresponding to the dierent`types' of nuclei). Scale bars: 10 mm RB is an early permissive step of the apoptotic process.
Discussion
Several studies in cancerous cell lines have shown that RB is cleaved by caspases during apoptosis, a cleavage that occurs either at the C-terminus or further within the RB protein (An and Dou, 1996; Fattman et al., 1997; Janicke et al., 1996; Tan et al., 1997) . Here we show that in post-mitotic neurons, a speci®c RB Cterminus cleavage is observed and correlates with DNA condensation and fragmentation, suggesting its implication in the apoptotic signaling pathway. Fragments that would result from an internal RB cleavage (p48 and/or p68) are not detected, supporting the idea that RB cleavage occurs at ®rst on the Cterminus consensus 883-DEADG-887 site. However, the predicted truncated RB form (DRB, 100 KDa) never accumulated, precluding further attempts of characterization. A speci®c decrease in the total amount of RB was also observed with the G3-245 antibody, so it is likely that DRB is generated by a ®rst cleavage on RB C-terminus and that the RB protein is then further degraded. Overexpression of a cleavage resistant mutant on this C-terminus site prevents apoptosis entry, a ®nding that demonstrates the functional importance of the presence of the fulllength RB protein to promote neuroprotection in a model of primary neurons. These ®ndings are in line with those obtained in Rb knock out mice (Rb 7/7 ) which die at mid-gestation probably because of massive apoptotic cell death in the central nervous system (Clarke et al., 1992; Jacks et al., 1992; Lee et al., 1992) .
Caspase specificity of RB cleavage
It is documented that K + -induced apoptosis of CGN is inhibited by broad spectrum caspases inhibitors, such as Asp(D)-coupled derivatives (Dichlorobenzoyl or Fluoromethylketone) (D'Mello et al., 1998; Lynch et al., 1997; Nath et al., 1996; Tanabe et al., 1998) . A panel of synthetic tetrapeptide inhibitors is now available and can be used to distinguish between activation of the dierent ICE and CED3 subfamilies of caspases (see classi®cation of caspases in Alnemri et al., 1996) . However, the use of these more speci®c inhibitors led to some discrepancies between the dierent subtypes of caspases involved in CGN apoptosis, probably also due to dierent culture conditions.
Inhibitors of the caspase-1 (ICE) family (YVAD) are generally found to have no or little neuroprotection potential (Eldadah et al., 1997; Moran et al., 1999) , an observation that is in accordance with our result that the¯uorogenic substrate Ac-YVAD-amc is not cleaved in extracts from LK-treated neurons (Figure 4 ; Marks et al., 1998) . This contrasts with an early study where YVAD.cmk was found to protect CGN death (Schulz et al., 1996) . However, the most ecient dose used was very high and it is likely that other caspases were also blocked. Thus, it seems unlikely that the ICE, YVADsensitive caspases family participates in RB cleavage in CGN apoptosis.
There is a consensus that z-VAD.fmk inhibitor protects from K + -induced apoptosis, suggesting the involvement of the CED3-subtype of proteases (Table  1; Armstrong et al., 1997) . RB cleavage was blocked by the z-VAD.fmk inhibitor, as well as with z-DEVD.fmk (Figure 1d ). The¯uorogenic substrate Ac-DEVD-amc is cleaved with a very high eciency (Figure 2 , Armstrong et al., 1997; Lynch et al., 1997; Marks et al., 1998) , pointing to CPP32 (caspase 3) as a good candidate for caspases involved in RB cleavage during CGN apoptosis. CPP32 has been shown to be required for developmental apoptosis in neurons, whereas it is not obligatory in some other cell types (Kuida et al., 1996) . We show that the active p20 subunit of CPP32 is progressively induced by K + deprivation of CGN, thus correlating with the decline in RB levels. Immunocytochemistry further demonstrated that CPP32 is activated in the cytoplasm and nucleus of apoptotic neurons. p20 is expressed within nuclei that start to condense and surrounds very condensed or fragmented nuclei (see Figure 4 ). This ®ts with several reports demonstrating that caspase 3 is required for DNA condensation and fragmentation (Janicke et al., 1998; Woo et al., 1998) . One striking observation is that disappearance of RB C-terminus coincides with activation of CPP32 at the cellular level. Taken together, these data show that RB C-terminus cleavage is simultaneous with activated CPP32 and it corroborates the involvement of CPP32 in this RB-dependent apoptotic pathway.
However, the demonstration of which speci®c caspase(s) is(are) involved in RB C-terminus cleavage is not complete. The z-DEVD.fmk inhibitor prevents CGN apoptosis by almost 50% at 8 h of treatment and is even less potent at the longer periods of times tested (see Table  1 ). The fact that apoptosis is reversed by 90% in neurons overexpressing the non cleavable mutant of RB, demonstrates that this site, if cleaved by CPP32, is likely to also be the substrate of another, as yet unidenti®ed, caspase, probably less sensitive to DEVD inhibition. It has been reported that preponderant active caspases in apoptotic cells were CPP32 and Mch2 (caspase-6) (Faleiro et al., 1997) . Interestingly, the authors found that multiple species of these caspases could co-exist, diering by their cleavage site and molecular weight, or their isoelectric point. Thus they could have dierent substrate speci®city and/or localization, e.g. function in the apoptotic process (Faleiro et al., 1997) . This supports the idea that dierent variants of caspase 3 are likely to be more or less sensitive to DEVD-type inhibitors. In our Western blot experiments, RB cleavage reversion by z-DEVD.fmk was rather delayed than total, relative to that obtained with z-VAD.fmk. Moreover, in our experimental conditions, other caspases are induced, such as ICH-2 (caspase-4), but also nedd 2, ICH-1 (caspase-2) and ICE-LAP6, Mch6 (caspase-9), with dierent kinetics following K + deprivation (unpublished results). These have all been shown to participate in apoptosis (Bergeron et al., 1998; Faleiro et al., 1997; Kidd, 1998; Li et al., 1997) and this point is currently under investigation.
Functional consequences of RB cleavage in the apoptotic process
The degradation of the RB protein can either be a side eect of caspases activation during apoptosis or play a major role in the release of this process. The use of a non cleavable mutant allowed us to demonstrate that if RB can not be cleaved on its C-terminus, LK-induced apoptosis of CGN cannot proceed. RB thus functions as a key substrate at the onset of apoptosis: it is rapidly cleaved o by caspases, then further proteolyzed, and RB degradation will probably liberate endogenous factors which will, in this context, favor apoptosis signalings. The alternative hypothesis that the shorter RB fragments generated by caspase cleavage are pro-apoptotic by themselves is unlikely. Indeed, it has been shown that overexpression of DRB or the short C-terminus RB portion do not enhance apoptosis, in cell lines where the DRB fragment accumulates following apoptosis (Janicke et al., 1996) . Moreover, in our model, DRB has a short half-life as it is hardly detectable by Western blots, so its proapoptosis inducing potential is not probable.
In this respect, one can think about several eector proteins that bind RB and could be involved in CGN apoptotic signalings.
One candidate is the p53 regulator mdm2 (see review by Prives, 1998 ) that directly binds the C-terminus fragment of RB (Xiao et al., 1995) . Mdm2 is released from RB following its C-terminus cleavage (Janicke et al., 1996) . However, mdm2 seems to have anti-apoptotic functions (Chen et al., 1996; Kondo et al., 1995; Prives, 1998) , but several reports show that mdm2 is cleaved during apoptosis by CPP32-like proteases (Chen et al., 1997; Erhardt et al., 1997) . This makes it a potential target unveiled by RB degradation.
Another candidate is the E2F family of transcription factors. They are critical positive regulators of cell cycle progression and are regulated through their binding to the RB pocket (Dyson, 1998) . When overexpressed (e.g. inappropriately activated), E2F-1 has been shown to induce apoptosis in various models (Field et al., 1996; Phillips et al., 1997) . It is further known that binding of E2F to the RB protein protects it from degradation through the ubiquitin/proteasome pathway (Campanero and Flemington, 1997; Hateboer et al., 1996) . This proteolytic signaling pathway could come into play since we have previously shown that a direct activator of RB, the cyclin D1, is induced in apoptotic CGN, due to a lack of its degradation by the ubiquitin/proteasome pathway . In the same manner, LK treatment could block E2F1 degradation by the ubiquitin/proteasome pathway, and the loss of the RB protein abrogates its repression. Subsequently, this would result in the activation of the E2F-1 pathway. The DRB can still bind E2F-1 (Janicke et al., 1996) , but the rapid degradation of RB in our model is favorable to such a scenario.
Finally, it has recently been shown that RB physically interacts with histone deacetylase HDAC1 through its LXCXE motif (Magnaghi et al., 1998) . It is then conceivable that RB degradation in neurons will be associated with chromatin alterations that would otherwise not occur in a post-mitotic cell, following the release of HDAC. The involvement of such interactions would be of prime importance, as they will have an impact on chromatin conformation and might direct the accessibility of caspases and nucleases in order to proceed to DNA fragmentation.
Materials and methods

Neuronal primary cultures
Cerebellar granule neurons from 7-day-old mice (fvb strain) were cultured as previously described (Schousboe et al., 1989) with minor modi®cations . Experiments were performed after 6 day in vitro (DIV). HK medium contains 30 mM KCl and LK medium, 5 mM KCl.
